Substrate and top electrode effects on P3HT lamellar crystallization, were studied using the full device structure of a bulk-hetorojunction P3HT:PCBM organic solar cell, during thermal annealing. P3HT: PCBM chlorobenzene solutions (50 wt %) were spin coated on quartz, HMDS treated SiO 2 , SiO 2 / PEDOT: PSS, ITO/ PEDOT: PSS. The structural evolution of these thick (~100nm) films was probed during a realistic device-processing annealing cycle at 140ºC for ~53 minutes by time-resolved synchrotron Grazing Incidence X-Ray Diffraction (GI-XRD). The 20 nmthick coated Aluminium layer on top of ITO/ PEDOT: PSS/ P3HT: PCBM acts as a nucleation site for the P3HT crystalline growth during annealing, increasing the number of the edge-on lamellae, and preferentially increasing the domain size of face on and edge-on lamellae, with minor growth of the randomly oriented lamellae.
Introduction
Poly-(3-hexyl)thiophene (P3HT) and [6-6-] -phenyl-C 61 -butyric acid methyl ester (PCBM) is the most widely studied material system for bulk heterojunction (BHJ) organic photovoltaic devices, with reported power conversion efficiencies (PCE) of 4-5%. [1] [2] [3] [4] Further studies on the optimization of BHJ films based on P3HT: PCBM could help to find quick optimization routes for new materials systems. In-situ grazing incidence X-ray diffraction (GIXRD) has recently contributed to a wider understanding of crystallization phenomena, during the drying process after the film deposition and during (thermal and solvent) annealing. [1, [5] [6] [7] [8] [9] [10] [11] [12] [13] Since the crystallization dynamics is a fast process, the capability of probing diffraction images at high rates is required to follow the process in real time. [6, 7] The analysis of P3HT crystallization as a function of the drying/annealing time, as well as the study of its lamellar packing, are currently helping to attain a wider understanding on how OPV performances are influenced by drying and annealing processes.
In-situ GI-XRD and ellipsometry were employed to study the self-organization in P3HT: PCBM blends in real-time, capturing diffraction images every 50 ms, during the drying process after in-situ doctor blading. [9] Following a similar approach, an X-ray investigation of the composition dependence on the structural evolution (crystallization dynamics and lamellar orientation) during drying of doctor bladed blends of P3HT: PCBM, where images were collected with a sampling time of 50 s, recently appeared in literature. [14] A real-time GI-XRD analysis of P3HT: PCBM films (spin-coated from chlorobenzene on SiO 2 ) during annealing (at 140°C), detailing the concentration effects on the crystallization dynamics, disorder and P3HT orientational spread, was conducted with a sampling time of 8s. [6] These results, coupled with ellipsometry and FET measurements, showed a link between the increase in P3HT crystallization during annealing and the enhancement in the PCE. [7] The in-situ morphology and OPV device data changes upon thermal annealing (at 140°C) in BHJ films of P3HT: PCBM (spin-coated from chlorobenzene on ITO/PEDOT: PSS) were studied by Shin et al. using a sampling time higher than 2 min. [15] The same study, using two different annealing temperature (150°C and 160°C), was subsequently performed by Nam et al. [16] Detailed time-resolved GI-XRD during annealing of P3HT: PCBM full and partial device structure, coupled with a comparison between different substrates, has not been published to date. In this work, using synchrotron GI-XRD, we probe in-situ changes of crystalline structures in P3HT: PCBM (1:1 w/w) blends during thermal annealing at a fixed temperature (140 °C). The following samples have been analyzed: P3HT:PCBM spin-coated on PEDOT: PSS/ ITO substrates (with and without a top Al electrode); P3HT:PCBM spin-coated on quartz, SiO 2 /HMDS, and SiO 2 /PEDOT:PSS substrates.
Experimental

Samples Preparation
Different substrates were employed in this study: transparent indium-tin-oxide (ITO) coated glass (Visiontek Systems), 1 mm thick silicon with a 300 nm oxide layer (IDB Technologies), and 2 mm thick quartz (Spectrosil B fused-silica, Kaypul Optics Limited) substrate. All the substrates, having an approximate size of 1×1 cm², were sequentially cleaned in acetone and isopropanol for 15 minutes each, rinsed with deionized water, and dried with a nitrogen gun. A low conductivity poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS, Clevios P standard grade, HC stark) aqueous solution was spin-coated onto ITO and SiO 2 ), substrates which were subsequently annealed at 200 °C for 30 minutes, resulting in a thickness of ~50 nm (on PEDOT:PSS) and ~65 nm (on SiO 2 ). Other SiO 2 substrates were pre-coated with hydrophobic self-assembled hexamethyldisilazane monolayer (HMDS). A regioregular poly(3-hexylthiophene) (rr-P3HT, with M n = 19.5 KD, M w = 34.1 KD, polydispersity index = 1.74, and regioregularity 94.7%, Merck Chemicals) and [6, 6] -phenyl C61 butyric acid methyl ester (PCBM, Solenne BV) solution (50 wt % P3HT) was prepared in a glove box with chlorobenzene (30 mg/mL), and spin-coated in ambient conditions onto the quartz, SiO 2 /HMDS, SiO 2 /PEDOT:PSS, ITO/ PEDOT:PSS samples. The thicknesses were ~270 nm (on ITO/ PEDOT:PSS and SiO 2 /PEDOT:PSS), ~100 nm (on SiO 2 ), ~190 nm (SiO 2 /HMDS), ~345 nm (on quartz). About 20 nm of aluminium were evaporated onto some of the ITO/ PEDOT:PSS/P3HT:PCBM samples using an evaporator enclosed in the glove box.
Grazing Incidence X-Ray Diffraction
GI-XRD measurements were performed at the XMaS beamline (BM28, ESRF, Grenoble, France) using a home-built chamber. Details on the Grazing Incidence Wide Angle X-Ray Scattering (GI-WAXS) geometry and setup have already been reported. [6, 7] The Out-OfPlane (OOP) incident angle α i was set above the critical angle (α c + 0.25°) for all the scans. The sample temperature was increased up to 140°C in ~2 minutes using automated PID temperature control. The overshoot was 5 °C and stabilized to 140±0.5°C after 4 minutes. The annealing lasted ~53 minutes, for a total of ~180 images. After annealing, the temperature controller was switched off and the sample cooled down. The sample took 4.5 minutes to reach <35 °C. Details on the software (GI-XRD-GUI), built for the Grazing Incidence X-ray diffraction images analysis, the calibration procedure, required to convert an image pixel coordinate into its corresponding scattering vector q, and the analysis can be found in Lilliu et al. [6] In-Plane (IP) line profiles (image quasi-polar angle β = 75°, integration aperture Δβ = 10°), OOP line profiles (Δβ = 10°, β = 0°), and line profiles with β = 15, 30, 45, 60° were extracted for all the scans (here the term 'line profile' is used as a synonym for 'cake slice'). A procedure for a batch adaptive background subtraction via cubic splines and peak detection was implemented in the GI-XRD-GUI. Three significant parameters were extracted from each peak: (i) FWHM, (ii) peak center, (iii) peak integral. The FWHM contains information about the domain size, the peak center contains information about the d-spacing (lattice constant), and the peak integral (from FWHM and intensity) contains information about the number of crystallites. [6] 
Results and Discussion
Diffraction Patterns
Prior to GIXRD measurements on the P3HT: PCBM films, glass/ITO substrates with and without PEDOT:PSS, and PEDOT:PSS on SiO 2 were examined ( were detected. The diffraction pattern of PEDOT:PSS on ITO (Figure 1c, 1d) is simply the superimposition of the one from ITO and the one from PEDOT:PSS on SiO 2 . The PEDOT:PSS diffraction pattern here observed is isotropic. The anisotropy reported in Shin et al. could be due to the strong signal coming from the reflected beam, which affects any OOP line profile, independently from the film composition. [15] After clarifying the diffraction patterns from the PEDOT:PSS layer and the glass/ITO substrate, we performed time-resolved GIXRD, collecting images every ~18 seconds. A sampling time higher than 2 minutes would not be enough to draw conclusion on the crystallization dynamics, since most of the changes in the P3HT: PCBM film occur within the first 3-6 minutes of annealing. [6, 7] As in our previous works, here we index P3HT peaks using the same convention used by Kayunkid et al. [6, 7, 17] P3HT polymer backbones stack in the direction of the alkyl side chains (a-direction) forming a lamella. Adjacent lamellae stack (stacking distance = b/2) perpendicularly to the co-facial conjugated backbones (b-direction). The π-stacking direction is almost orthogonal to the alkyl-stacking direction in the unit cell, and can be parallel to the sample substrate, with the alkyl-stacking direction perpendicular (edge-on) to the sample substrate, or with the alkyl-stacking direction parallel to the sample substrate (face-on). [6] In reality there are lamellae with intermediate orientations, i.e. with different angles between the substrate and the a-direction. [6] 0.3 0.6 0.9 1.2 1.5 1. [5] . Lines profiles have been generated using β = 15° to highlight the first PEDOT: PSS ring, which in a β = 0° line profile would have been buried by the low-q scattering.
In the first set of experiments we focused on the top electrode effects on the film morphology and dynamics, studying device-like films with and without the top electrode. In the second set of experiments we focused on the substrate effects on the film morphology and dynamics. The same annealing procedure was followed for the processing of P3HT:PCBM spin-coated on quartz, SiO 2 /HMDS, and SiO 2 /PEDOT:PSS samples. The diffraction patterns, before and after annealing, around the (100)-P3HT peak, are shown in Figure 3(a)-(h) . The line profiles, before and after annealing, are shown in Figure 3 (g)-(h) . In these cases the scattering from the substrate did not compromise the SNR of the higher order P3HT reflections, and the (h00)-P3HT peaks could be extracted and fitted. 
Crystallization Dynamics
Domain size dynamics can be tracked by monitoring the FWHM of the (100) peaks. Figure 4(a)-(b) shows the IP-(100) and OOP-(100) domain sizes calculated using the Scherrer equation, which usually overestimates the real domain size of ~1-2 nm. [6] Data extracted from the OOP-(h00)-P3HT refers to the edge-on lamellae, while data extracted from IP-(h00)-P3HS refers to the face-on lamellae. More accurate values using the Williamson-Hall (WH) approach, to quantify the degree of paracrystalline stacking disorder along the (100) direction, could not be calculated for the blends spin-coated ITO/PEDOT: PSS substrates because of the lack of higher order peaks (i.e. (200) and (300)). [6, [18] [19] [20] The use of more advanced techniques based on the Fourier analysis of the diffraction peaks was beyond the scope of the present work. All the samples show a similar crystallization trend, as already observed by Lilliu et al. for P3HT: PCBM films with different concentrations, spin-coated on SiO 2 . [6] Crystallization occurs in the first 10 minutes of the annealing, reaching a value which does not significantly change during the rest of the annealing. However the sample spin-coated on quartz shows a slower dynamics in the IP-100-P3HT than the others: a continuous growth of the face-on lamellae is observed during the 53 min thermal treatment. At the end of the annealing, when the samples are cooled down, the domain sizes experience a slight reduction due to thermal contraction. Strong differences are observed between IP and OOP normalized peak integrals, which are proportional to the normalized amount of P3HT crystalline material. Whereas for all the IP peak integrals, increasing temperature gives an increase in the peak integral, for the OOP peak integrals, except for the ITO/PEDOT:PSS/(Blend)/Al, the behavior is reversed. This could correspond to a lamellar reorientation.
The average lattice constant, a, calculated from the (100)-P3HT peak position, varied from ~16.4 Å for the as-spun samples to ~17.4 Å in the first stages of the annealing. During the annealing the lattice constant experienced a reduction of about ~0.1 Å, and reduced to ~16.7 Å after cooling down, corresponding to an increase of ~0.3 Å with respect to the as-spun value. This permanent lattice constant increase has already been observed in previous reports. [6] [7] [8] 21] . 
Lamellar Orientation
As shown in Figure 2 , the presence of the top electrode strongly affects the P3HT lamellar packing. These differences can be quantified using radial profiles extracted at different β angles. As mentioned above, (100)-P3HT data extracted from the line profiles at β = 0° (OOP-(h00)-P3HT) refers to the edge- on lamellae, while data extracted at at β = 85° (IP-(h00)-P3HS) refers to the face-on lamellae. Line profiles with β between 60° and 15° contain information on lamellae with intermediate orientations. Figure 5 (a) summarizes the domain sizes and the (normalized) peak integral ('pole figure') extracted from the (100)-P3HT peaks, from line profiles taken at different β angles. [22] Both the as-spun ITO/PEDOT: PSS samples show a uniform distribution of the domain sizes. The annealed samples show larger domain sizes than the as-spun samples. While the domain sizes are uniformally distributed with angle β in the case of the annealed ITO/PEDOT: PSS sample without a top electrode, preferential growth in the IP and OOP lamellae is observed in the sample with the top electrode after annealing. The % variation of the domain size (Figure 5(b) ) is more pronounced for the full device structure (with Al). is observed after the annealing. The distribution of the domain size values as a function of β is uniform after the annealing. In the sample coated on ITO/PEDOT: PSS without a top Al electrode, slight growth of the number of IP P3HT crystallites, accompanied by a decrease of the OOP P3HT crystalline material, is observed after the annealing (Figure 5(c)-(d) ). In the sample with the top electrode, similar IP growth is observed, but the OOP behavior is opposite to the other sample: apart from the outlier at β = 45˚, the number of OOP P3HT crystallites increases by ~90% after the annealing. Therefore the presence of Al, as the top electrode, seems to stimulate a preferential growth of the IP and OOP lamellae, as well as an increase of their number. Regarding the other samples a remarked increase in the number of the number of IP lamellae is accompanied by a slight reduction in the number of OOP lamellae.
Conclusions
We have shown a detailed comparison between crystallographic properties of semi-crystalline P3HT in P3HT: PCBM films deposited on different substrates and on ITO/ PEDOT: PSS substrates used in the preparation of real OPV devices (with and without Al electrode). Data was collected in real-time during the annealing procedure. The presence of the top electrode on the P3HT: PCBM film seems to enhance the nucleation of P3HT crystallites, favoring preferential growth of face and edge-on lamellae. No substantial differences where observed among films deposited on different substrates.
